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A wide variety of neurons, including populations
derived from different origins, are precisely arranged
andcorrectly connectedwith their partner toestablish
a functional neural circuit during brain development.
The molecular mechanisms that orchestrate the pro-
duction and arrangement of these neurons have
been obscure. Here, we demonstrate that cell-cell
interactions play an important role in establishing
the arrangement of neurons of different origins in the
Drosophila visual center. Specific types of neurons
born outside themedulla primordiummigrate tangen-
tially into the developing medulla cortex. During their
tangentialmigration, theseneuronsexpress the repel-
lent ligand Slit, and the two layers that the neurons
intercalate between express the receptors Robo2
and Robo3. Genetic analysis suggests that Slit-
Robosignalingmaycontrol thepositioningof the layer
cells or their processes to form a path for migration.
Our results suggest that conserved axon guidance
signaling is involved in the interactions between
neuronsof different originsduringbraindevelopment.
INTRODUCTION
Various types of neurons are generated and properly positioned
and connected with their partners to establish a complex neural
circuit during development of a functional brain. In mammalian
cerebral cortex, excitatory neurons are generated from the radial
glial cells located in the ventricular zone of dorsal telencephalon
andmigrate radially to form the six-layered structure. In contrast,
inhibitory neurons are produced from the ganglionic eminence
located in ventral telencephalon (Anderson et al., 1997; Krieg-
stein and Noctor, 2004) and migrate tangentially from their birth-
place into the cerebral cortex to establish precise neural circuits.
Thus, mammalian cerebral cortex is composed of two types
of populations derived from different sources, the ventricularThis is an open access article undzone and ganglionic eminence. It has been predicted that cell-
cell interactions play important roles in the control of neuronal
migration, and a recent report demonstrated that excitatory pro-
jection neurons control the distribution of inhibitory neurons
(Lodato et al., 2011). However, the molecular mechanisms that
orchestrate their migration remain unclear.
The fly visual center is regarded as a model for the study of
brain development because it shares structural features with
the mammalian brain, such as layered and columnar structures.
The fly visual center is composed of four ganglia: the lamina, me-
dulla, lobula, and lobula plate. Among them, the medulla is the
largest component and is thought to contain approximately
100 types of neurons, with a total of 40,000 neurons. Our recent
studies revealed that the developmental characteristics of the
medulla are also similar to the mammalian cerebral cortex,
such as subdivision into specific regions (Hasegawa et al.,
2011; Sato et al., 2013) and birth-order-dependent neuronal
specification (Li et al., 2013; Suzuki et al., 2013). Importantly,
the medulla neurons extensively migrate during pupal develop-
ment, similar to mammalian brains (Hasegawa et al., 2011; Mor-
ante et al., 2011).
During larval development, many neurons are produced from
neuroblasts (NBs), the neural stem cells located on the surface
of the medulla primordium, which is called the outer proliferation
center (OPC). The NBs in the OPC (OPC-NBs) produce various
types of medulla neurons in a birth-order-dependent manner,
with a linear and radial orientation toward the center of the
medulla primordium. Consequently, the larval medulla cortex is
subdivided into concentric zones characterized by the expres-
sion of four conserved transcription factors: Homothorax (Hth),
Brain-specific homeobox (Bsh), Runt (Run), and Drifter (Drf;
Hasegawa et al., 2011; Suzuki and Sato, 2014; Figure 1A).
We demonstrated that at least four types of neurons, Mi1,
Pm3, Lawf1, and Lawf2, are generated from the Hth domain,
the innermost concentric zone in the larval medulla primordium
(Hasegawa et al., 2011). Among these neurons, onlyMi1 neurons
co-express Bsh throughout development. In the present study,
we show that a subset of Hth+/Bsh cells express Eyes absent
(Eya; Figures 1A and 1B). These Hth+/Eya+ cells differentiate
into two types of lamina wide-field neurons, Lawf1 and Lawf2,Cell Reports 15, 499–509, April 19, 2016 ª2016 The Authors 499
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Figure 1. Subdivision of the Larval Medulla by Transcription Factor Expression
(A–L) Lateral views at late third instar.
(A) NBs produce medulla neurons in a linear and radial orientation toward the center of the larval medulla (orange arrows), which is subdivided into the concentric
zones characterized by the expression of Hth, Bsh, Run, and Drf.
(B) Hth+ domain (green) is subdivided into the Bsh+ outer region (blue) and Bsh inner region. Eya expression is observed in the latter (magenta; arrows).
(C) Lim1-lacZ expression (green) is compared with Hth (blue) and Eya (magenta).
(D) Genetic codes of Mi1, Lawf1, and Lawf2 neurons.
(E) brk-Gal4 UAS-GFP (green) is expressed in the anterior region of the medulla, but not in Eya+ cells (magenta; arrows).
(F) optix-Gal4 UAS-CD8GFP (green) is expressed in the dorsal and ventral region of themedulla, but not in Eya+ cells (magenta; arrows). Dashed lines indicate IPC
and GPC, respectively.
(G) omb-LacZ (magenta) is detected in the posterior region including GPC visualized with wg-Gal4 UAS-CD8GFP (green).
(G’) omb-Gal4 UAS-CD8GFP (green) is observed in Eya+ cells (magenta; arrows).
(H) The lineages of GPC are permanently labeled by LacZ under the control of wg-Gal4 UAS-CD8GFP (green), UAS-flp, and act > stop > lacZ. LacZ (blue) was
detected in a subset of Eya+ cells (magenta; arrows).
(H’) wg-Gal4 UAS-CD8GFP (green) is detected in Eya+ cells (magenta; arrows).
(I) Eya+ neurons (magenta; white arrows) are labeled (GFP, green) only when the clones are created in GPC (yellow arrows).
(I’) The dorsal Eya+ neurons (blue; white arrows) are specifically labeled (RFP, magenta) when the clones are created only in the dorsal side of GPC (yellow
arrows).
(J) dpp-lacZ is expressed at the antero-lateral edge of the wg domain (arrows).
(K) Run is expressed in a subdomain of GPC (arrows).
(L) Eya+ neurons (magenta; white arrows) are labeled (GFP, green) when the clones are created at the central part of GPC (magenta; yellow arrows).
See also Figure S1.
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with axonal projections to the lamina as well as wide dendritic ar-
bors in the medulla. Interestingly, our results suggest that Lawf
neurons are not derived from OPC-NBs but from the region pos-
terior to the medulla primordium, specifically referred to as glia
precursor cells (GPCs; Perez and Steller, 1996; Dearborn and
Kunes, 2004) or the tips of the OPC (tOPC; Bertet et al., 2014).
Our observations clearly demonstrate that these Lawf neurons
migrate from GPCs (tOPC) to the innermost concentric zone in
the medulla primordium.
We also examined the roles of Slit-Robo signaling, which is a
repulsive axon guidance signaling (Kidd et al., 1999; Xiao et al.,
2011), during the migration of Lawf neurons. Slit is expressed in
Eya+ GPC neurons, while Robo2 and Robo3 expression are
observed in adjacent cells during larval period. Loss-of-function
analyses revealed that the Slit-Robo signaling system is required
for precise arrangement of these neurons, suggesting that Lawf
neurons interactwith their surroundingcells viaSlit-Robosignaling
to ensure proper arrangement and migration to the correct sites.
Together, the present study demonstrates that neurons of
different origins cooperate to form precise neuronal circuits in
fly visual system as well as mammalian cerebral cortex. Our re-
sults also show that evolutionarily conserved guidance signaling
regulate this process, suggesting that similar molecular mecha-
nisms may be involved in mammalian brain development.
RESULTS
Hth Domain Is Subdivided into Three Regions
Characterized by Transcription Factor Expression
We previously demonstrated that Mi1, Pm3, Lawf1, and Lawf2
can be visualized by hth-Gal4 in adult brain (Hasegawa et al.,
2011). The neuronal expression of Hth is strong and stable during
development, suggesting that these neurons are differentiated
from the cells located in the Hth domain, the innermost concen-
tric zone of larval medulla. The Hth domain is further subdivided
into two different regions characterized by the expression of Bsh;
the outer Hth zone is Bsh+ and the inner Hth+ zone is Bsh (Fig-
ures 1A and 1B). Mi1 neurons are differentiated from the Hth+/
Bsh+ cells (Hasegawa et al., 2011; 2013). Because Hth and
Bsh are necessary and sufficient for the specification of Mi1 neu-
rons (Hasegawa et al., 2011, 2013), all of the cells located in the
Hth+/Bsh+ domain should differentiate into Mi1 neurons. There-
fore, Pm3, Lawf1, and Lawf2 neurons are likely derived from the
cells located in the inner Hth+/Bsh region. Because the mor-
phologies of Pm3, Lawf1, and Lawf2 neurons are completely
different, the genetic codes that specify these neurons should
also be different. Thus, we searched for molecular markers for
the inner Hth domain subdivision and found that Eya is specif-
ically expressed in a subset of cells located at the inner Hth+/
Bsh domain (Figures 1B and 1D). The dorsal and ventral clus-
ters of Eya+ cells are separated by Hth+/Eya cells (Figures 1A–
1D). We also found that Lim1 is specifically expressed in the
dorsal clusters of Eya+/Hth+ cells (Figures 1C and 1D, green).
In the later part of this study, we demonstrate that Lim1+/
Eya+/Hth+ and Lim1/Eya+/Hth+ neurons differentiate into
Lawf2 and Lawf1 neurons, respectively (Figure 1D).
It has been thought that most of the medulla neurons are pro-
duced from OPC-NBs (Hasegawa et al., 2011). However, thefollowing results suggest that it is not the case. brk-Gal4 is ex-
pressed in OPC-NBs located in the anterior half of the medulla
primordium and in neurons that derive from theseNBs.Mostme-
dulla neurons located in the anterior part of the medulla cortex
express GFP under the control of brk-Gal4, as they are derived
from the OPC-NBs and inherit Gal4 and GFP expression (Fig-
ure 1E). However, no GFP signal was detected in the Eya+ me-
dulla neurons. Similarly, optix-Gal4 is expressed in OPC-NBs
located in the dorsal and ventral regions of the medulla primor-
dium, and many neurons located in the dorsal and ventral part
of the medulla cortex were strongly labeled with GFP via optix-
Gal4. However, the Eya+ medulla neurons were not labeled
with GFP (Figure 1F). These results imply that the Eya+ medulla
neurons most likely originate from a region distinct from OPC.
Eya+ Neurons Are Derived from GPCs
The brk-Gal4/optix-Gal4 double negative cells are found in the
posterior region of the larval optic lobe known as GPCs (Figures
1D–1F). We found that optomotor blind (omb) is expressed in the
Eya+ neurons and also in the posterior region, including GPCs
(Figures 1G and 1G’). These results prompted us to test whether
the Eya+ neurons are derived from GPCs. As GPCs specifically
express wingless (wg), we performed FLP-FRT-based lineage
analysis under the control of wg-Gal4 UAS-flp to reveal if this
region is the source of the Eya+ neurons. As expected, LacZ
expression frequently appeared in the Eya+ neurons (Figure 1H).
LacZ expression was also detected in a subset of glial cells and
neurons in lamina, but rarely in medulla neuropile glial cells
(Figure S1). Although a previous report suggested that lamina
glial cells are derived from the decapentaplegic (dpp)+ domain
located at the posterior region of the medulla (flanking the
wg-Gal4+ domain; Kaphingst and Kunes, 1994; Chotard et al.,
2005; Yoshida et al., 2005; Figure 1D), the present result sug-
gests that thewg-Gal4+ domain also produces lamina glial cells.
In this paper, we refer to thewg-Gal4+ domain as GPC, because
thewg-Gal4+ domain exhibits gliogenic ability, as shown above.
We further confirmed that the Eya+ neurons are derived from
GPC using twin spot MARCM (Yu et al., 2009). As expected,
the Eya+ neurons were labeled by GFP or RFP only when the
clones were created in GPC (Figure 1I; n = 12). Note that the dor-
sal (or ventral) Eya+ neurons are specifically labeled when the
clones are created only in the dorsal (or ventral) side of the
GPC (Figure 1I’), suggesting that the dorsal and ventral Eya+
neurons derive from the dorsal and ventral side of GPC, respec-
tively. These results suggest that the GPC produces the Eya+
neurons, which we refer to as GPC neurons hereinafter. A recent
study also suggested that GPC produces several types of neu-
rons that show projections to various ganglia in the optic lobe
(Bertet et al., 2014).
Given that the dpp+ domain is adjacent to thewg domain (Ka-
phingst and Kunes, 1994; Figure 1D), the Eya+ GPC neurons
may originate from the boundary between the dpp and wg do-
mains. Indeed, we can detect an overlap between wg-Gal4
and dpp-lacZ at the antero-lateral edge of the wg domain (Fig-
ure 1J). To precisely map the origins of Eya+ neurons inside
GPC, we utilized Run as amarker for a subdomain of GPC (Bertet
et al., 2014; Figure 1K). The result of twin spot MARCMwith anti-
Run antibody staining reveals that the Eya+ neurons derive fromCell Reports 15, 499–509, April 19, 2016 501
the central part of GPC (Figure 1L; n = 10). However, these re-
sults do not conflict with the idea that the Eya+ neurons also
derive from the boundary between wg and dpp domains.
Development of GPC Neurons in the Medulla
To examine the temporal relationship between the development
of GPC and OPC neurons, we examined the developmental pro-
file of the Eya+ and Bsh+ neurons in third instar larvae. During
early third instar, the Bsh+ OPC neurons and a small number
of Eya+ GPC neurons appear (Figure 2A1; 72–84 hr after egg
laying [AEL]). The number of GPC neurons gradually increases
and starts to form the dorsal and ventral clusters (Figure 2A2;
84–96 hr AEL). During mid and late third instar, the number of
both GPC and OPC neurons is significantly increased, and the
clusters of GPC neurons are frequently observed (Figures 2A3
and 2A4; 96–120 hr AEL).
Although GPC neurons are visualized by Eya during larval
period, Eya expression is substantially diminished during pupal
period. In contrast, Lim1 expression is maintained throughout
pupal development (Figures 2B and 2C). Because Lim1 expres-
sion appears specifically in the dorsal cluster of the GPC neurons
during larval development, it can be used as amarker for a subset
of GPCneurons. Therefore,we generated a Lim1-Gal4 line, which
preciselymimics endogenous Lim1 expression throughout devel-
opment and in adult (Figures 2B1–2B4andS2D). Lineage analysis
using Lim1-Gal4 UAS-flp to constitutively label Lim1+ neurons
revealed that Lim1-Gal4 is continuously expressed in the GPC
neurons located in the dorsal half of larval medulla (Figure 2D).
To investigate the developmental process of Lim1/Eya+
GPC neurons, we used R17C11-Gal4 (Tuthill et al., 2014). We
analyzed the expression pattern of R17C11-Gal4 during devel-
opment to determine whether it could be used to analyze the
development of GPC neurons. In third instar larvae, strong
GFP expression is detected in the GPC neurons located at
both the ventral and dorsal sides of the medulla (Figures 2C1,
S2A1, and S2B); moreover, its expression is maintained stably
in Lim1+ (Figures 2C2–2C4) and Hth+ neurons throughout pupal
development (Figures S2A2–S2A4). However, R17C11-Gal4
expression becomes weak and scarce in adult Lim1+ neurons
(Figure S2C),while it remains stable inHth+neurons (Figure S2A).
Thus, Lim1+ GPC neurons are visualized by Lim1-Gal4, while
Lim1 GPC neurons are preferentially labeled by R17C11-Gal4
throughout development. As demonstrated below, Lim1+ and
Lim1GPC neurons differentiate into Lawf2 and Lawf1 neurons,
respectively (Figure 4).
In contrast to Lim1-Gal4, R17C11-Gal4, expression changes
during development as mentioned above. However, we tracked
the continuous changes in themorphology and location of Lawf1
neurons throughout pupal development (Figures 2C and 4A) as
shown for Lawf2 (Figures 2B and 4B). Therefore, the ventral
and dorsal subpopulations of Eya+/Hth+ neurons most likely
differentiate to Lawf1 and Lawf2 neurons, respectively.
Tangential Migration of GPC Neurons during Pupal
Development
We and others previously reported that the medulla neurons
migrate extensively during early pupal stage at approximately
12–24 hr after puparium formation (APF; Hasegawa et al., 2011;502 Cell Reports 15, 499–509, April 19, 2016Morante et al., 2011). To reveal the migration patterns of GPC
neurons during pupal development, we examined the changes
in the position of cell bodies as visualized by R17C11-Gal4 and
Lim1. The Lim1+ cells are most likely derived from the dorsal
GPC, while the GFP+, Lim1 cells originate from the ventral
GPC as suggested by our lineage analysis (Figure 1I’). In the
following, we focus on Lim1+ cells and R17C11+/Lim1 cells.
At 16 hr APF, the cell bodies of Lim1+ and Lim1 neurons
were specifically found in the dorsal and ventral halves of the
medulla, respectively (Figure 3A), suggesting that their relative
location is not changed from larval stage. However, at 20 hr
APF, a small number of Lim1+ and Lim1 cells were located in
the ventral and dorsal halves of the medulla, respectively, adja-
cent to the presumptive dorso-ventral midline (Figure 3B). At
28 hr APF, a substantial number of Lim1+ and Lim1 cells
were intermingled in both the ventral and dorsal halves of the
medulla (Figure 3C). Thus, the distribution of GPC neurons is
extensively changed in a tangential orientation along the
dorso-ventral axis between 16 and 28 hr APF.
GPC Neurons Differentiate into Lawf1 and Lawf2
Neurons, and their Morphological Differences Emerge
during Pupal Development
To identify the neuronal types of GPC neurons, we performed
clonal analysesusingR17C11-Gal4andLim1-Gal4 lines in combi-
nationwith Lim1antibody.Asa first step,weexamined themature
morphologies of adult GPC neurons. R17C11+/Lim1 neurons
displayed a projection to the lamina and wide arbors at M1 and
M4 layers in the medulla (Figure 4A5), suggesting that these neu-
rons derived from the ventral half of the larval GPC are Lawf1 neu-
rons (Fischbach and Dittrich, 1989). Their presynaptic sites are
known to be located in both lamina and medulla (Takemura
et al., 2013; Tuthill et al., 2014). Lamina wide-field neurons with
different morphologies were observed using Lim1-Gal4; in partic-
ular, they showed axonal projections to the lamina and dendritic
arbors inM1 andM8–M10 layers in themedulla (Figure 4B5), sug-
gesting that these are Lawf2 neurons identified in our previous
work (Hasegawa et al., 2011). Their presynaptic sites are specif-
ically located in the lamina, but not in the medulla (Tuthill et al.,
2014). Our results suggest that Lim1 and Lim1+ GPC neurons
originating from the dorsal andventral halves of themedulla differ-
entiate into Lawf1 and Lawf2 neurons, respectively.
Although Lawf1 and Lawf2 neurons show distinct morphol-
ogies in adult (Figures 4A5 and 4B5), they are indistinguishable
from larval to early pupal period (Figures 3 and 4). Next, we
examined when these morphological differences between lam-
ina wide-field neurons emerge during development. In late third
instar larvae, the Lawf1 cell bodies are located at the ventral half
of themedulla, and they project processes toward the dorsal half
of the medulla and form small arbors on the surface of the me-
dulla neuropile (Figure 4A1). In the middle of tangential migration
at 24 hr APF, these cells start to elongate a branch toward the
lamina (Figures 3D and 4A2). At 48 and 72 hr APF and after the
completion of tangential migration, the processes in the lamina
extend arbors expanding to the neighboring lamina cartridges
(Figures 4A3 and 4A4). At the same time, Lawf1 neurons form
proximal arbors in the medulla that eventually innervate the
medulla layer M4.
Figure 2. Development of GPC Neurons
(A1–C4) Lateral views at third larval instar (A1–A4, B1, and C1) and horizontal views during pupal period (B2–B4 and C2–C4).
(A1–A4) During early third instar (72–96 hr AEL), Bsh+ neurons (magenta) and a small number of Eya+ (green) neurons appear. During mid and late third instar
(96–120 hr AEL), the number of both Bsh+ and Eya+ neurons is significantly increased, and clusters of Eya+ neurons are frequently observed.
(B1–B4) Lim1-Gal4 (green) precisely mimics endogenous Lim1 expression (magenta) throughout development.
(C1–C4) R17C11-Gal4 UAS-Ivs-CD8GFP (green) is detected in Lim1+ (magenta) and Lim1 GPC neurons located at the dorsal and ventral sides of the medulla,
respectively.
(D) Lineage analysis using Lim1-Gal4 UAS-CD8GFP (green), UAS-flp, and act > stop > lacZ (magenta) revealed that Lim1-Gal4 is continuously expressed in
Eya+/Lim1+ neurons.
See also Figure S2.
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Figure 3. Tangential Migration of GPC Neu-
rons during Pupal Development
(A–C) Frontal views at early pupal period. The cell
bodies of GPC neurons are visualized by R17C11-
Gal4UAS-Ivs-CD8GFP (green) andLim1 (magenta).
(A) The cell bodies of Lim1+ (arrows) and Lim1
(arrowheads) neurons were found in the dorsal and
ventral halves of the medulla at 16 hr APF.
(B) A small number of Lim1+ and Lim1 neurons
were located in the ventral and dorsal halves of the
medulla, respectively, at 20 hr APF.
(C) A substantial number of Lim1+ and Lim1 cells
were intermingled in both ventral and dorsal halves
of the medulla at 28 hr APF.
(D and E) A subset of Lim1+ (magenta) and Lim1
neurons visualized by R17C11-Gal4 UAS-Ivs-
CD8GFP and Lim1-Gal4 UAS-CD8GFP (white),
respectively, are elongating branches toward the
lamina (arrows) at 24 hr APF.In contrast to Lawf1 neurons, Lawf2 cell bodies are located at
the dorsal half of the medulla during larval development, project
processes toward the ventral half of the medulla, and form small
arbors (Figure 4B1). With the exception of asymmetry along the
dorso-ventral axis, the morphological characteristics of Lawf2
neurons are essentially the same as Lawf1 neurons prior to
24 hr APF (Figures 3E and 4B2). These neurons also start to elon-
gate a branch toward the lamina at 24 hr APF (Figure 3E). At 48 hr
APF, however, they start to form dendritic arbors in the medulla
that subsequently innervate the medulla layer M1 and M8–M10
at 72 hr APF (Figures 4B3 and 4B4). Thus, the formation of prox-
imal arbors in the medulla at 48 hr APF is the first morphological
sign of differentiation between Lawf1 and Lawf2 neurons. Sub-
sequently, both Lawf1 and Lawf2 neurons expand their arbors
in the lamina and medulla to become morphologically mature
by 72 hr APF (Figures 4A3–4A5 and 4B3–4B5).
The Arrangement of GPC Neurons Is Regulated by Slit-
Robo Signaling during Larval Development
Prior to the tangential migration during early pupal development,
both types of GPC neurons are expected to migrate anteriorly
fromGPC to the innermost concentric zone of themedulla cortex
during larval period (Figure 1). Indeed, weak GFP signals are504 Cell Reports 15, 499–509, April 19, 2016detected along the path adjacent to
the medulla neuropile in wg-Gal4 UAS-
CD8GFP background, many of which
express Eya and were labeled by LacZ
(Figure 1H’). These cells are most likely
migrating GPC neurons, and guidance
molecules that are expressed along the
path of GPC neurons may regulate their
migration during larval development.
We focused on Slit-Robo signaling, a
typical axon guidance signaling pathway
(Kidd et al., 1999; Xiao et al., 2011),
because sli-lacZ is expressed in the
Eya+ GPC neurons, and Robo3, a Slit
receptor, is expressed in themedulla neu-rons along the path of GPC neurons during larval period (Tayler
et al., 2004). Although sli-lacZ is broadly expressed in the
medulla, its expression is particularly strong in the Eya+ GPC
neurons (Figure 5A). In contrast, Robo3 is expressed adjacent
to the path in a concentric zone containing Bsh+ cells and in
the medulla neuropile (Figure 5B). In addition to Robo3, Robo2
is expressed in the medulla neuropile, inner proliferation center
(IPC, Fas3+), and GPC (Figures 5C and 5D). These expression
patterns imply that Slit-Robo signaling regulates the proper
arrangement of OPC and/or GPC neurons via cellular repulsion
between these neurons.
To reveal the potential roles of Slit-Robo signaling, we first
examined the effect of sli mutation on the arrangement of GPC
neurons. We used an optic lobe specific allele (slidui; Tayler
et al., 2004) and a null allele (sli2) to analyze slimutant phenotype.
Compared to control flies (Figure 5F), the distribution of Eya+
GPC neurons was significantly disrupted and ectopic GPC neu-
rons appeared in sli mutant larvae (Figures 5G–5I). A subset of
GPC neurons appeared within the Bsh+ domain (Figures 5G,
[n = 21/36], and 5I, [n = 10/17]) and the region between IPC
and medulla neuropile (Figure 5H; n = 17/26). In the region
between IPC and medulla neuropile, the Eya+ cells were rarely
observed in the control (Figure 5F; n = 1/41). These results
(legend on next page)
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suggest that Slit plays important roles in the proper arrangement
of GPC neurons during larval development.
Next, we examined the contributions of Robo3 receptor.
robo3 RNAi under the control of optix-Gal4 autonomously elim-
inated Robo3 expression in the dorsal and ventral regions of
the medulla (data not shown). The arrangement of Bsh+ neurons
was disrupted, and they intruded into the innermost region of the
medulla cortex (Figures 5L and 5M; n = 3/11). In addition, Bsh+
and Eya+ neurons were intermingled (n = 5/11). In larvae homo-
zygous for robo3 null mutant, robo33, these neurons were also
intermingled (Figures 5J and 5K; n = 11/20). Note that Eya+ neu-
rons are situated outside the Bsh+ domain (Figure 5K, arrow).
The defects were less severe in robo3 mutant compared to sli
mutants (Figures 5G–5I), suggesting an involvement of the other
Robo receptors.
To examine the roles of Robo2, we used two null alleles
(robo24 and robo28) and a hypomorphic allele (robo2lea2). In
robo2 mutant larvae, the arrangement of GPC neurons was
dramatically disrupted and GPC neurons ectopically appeared
within the Bsh+ domain, similar to sli mutants (Figure 5N; n =
6/10). Eya+ neurons were absent in robo2 mutant clones and
instead ectopically situated around the clones (Figure 5O; n =
22/38). These results suggest that Robo2 and Robo3 act as
Slit receptors to regulate the proper arrangement of Bsh+ OPC
neurons and Eya+ GPC neurons.
In general, Slit ligand repels cells that express Robo receptors
(Kidd et al., 1999; Xiao et al., 2011). In the above experiments,
however, the Eya+ GPC neurons that express Slit were abnor-
mally located in sli, robo2, or robo3 mutant larvae. Proper
arrangement of OPC neurons (Robo3+) and IPC/GPC (Robo2+)
may, in turn, regulate the localization and migration of Slit+
GPC neurons. Similar situations have been reported in fly and
mouse. In sli mutant fly embryo, midline glial cells, which are
the sources of Slit in wild-type, are displaced ventrally and their
arrangement is disordered (Sonnenfeld and Jacobs, 1994). Slit1
expressing neurons in adult mouse brain control the astrocytic
processes of surrounding glial cells to form the path for their
own migration (Kaneko et al., 2010). We propose that Slit+
GPC neurons similarly establish the path for tangential migration
by interacting with adjacent Robo2+ and Robo3+ cells.
Next, we examined how Slit-Robo signaling regulates the
proper distribution of medulla neurons. It has been reported
that Slit-Robo signaling is essential for establishing the border
between lamina and IPC (Tayler et al., 2004). Slit-Robo signaling
may also contribute to establishing the border between medulla
cortex and IPC to regulate the proper arrangement of medulla
neurons. To examine this possibility, we analyzed the roles
of sli, robo3, and robo2 in establishing the border. In sli mutant
larvae, Fas3+ ectopic IPC cells were observed in the medulla
cortex (Figures 5Q and 5R; n = 44/44 and n = 20/20, respec-Figure 4. GPC Neurons Differentiate into Lamina Wide-Field Neurons
(A1–B5) Lateral views (A1 and B1) and horizontal views (A2–A5 and B2–B5) from
(A1–A5) A subset of Lim1 neurons was visualized by R17C11-Gal4 UAS-Ivs-CD
indicate the cell bodies.
(B1–B5) A subset of Lim1+ neurons was visualized by Lim1-Gal4 UAS-CD8GFP
Insets show the axonal arbors in lamina. The schematics show typical projection
See also Figure S3 and Supplemental Results.
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ure S4). Ectopic appearance of IPC cells was also observed in
robo3 (Figure 5S; n = 21/99) and robo2mutant larvae (Figure 5T;
n = 51/51). We also created robo2 mutant clones and observed
ectopic IPC cells in these clones (Figure 5U; n = 23/34).
Although the ectopic IPC cells appeared in both robo3 and
robo2 mutants, the penetrance of robo3 defects was much
lower than that of robo2. These results suggest that Slit-Robo
signaling plays important roles in establishing the boundary be-
tween medulla cortex and IPC. The disruption of this boundary
causes IPC cells to invade into the medulla cortex, which may
disturb the tangential migration of GPC neurons by providing a
physical barrier.
DISCUSSION
To date, the region posterior to the larval medulla expressing wg
has been called GPC or tOPC (Perez and Steller, 1996; Dearborn
and Kunes, 2004; Bertet et al., 2014). GPC has been thought
to be the source of lamina glial cells (Perez and Steller, 1996;
Dearborn and Kunes, 2004). As our lineage analysis with wg-
Gal4 shows that these glial cells are indeed derived from the
wg-Gal4+ domain, we regard this domain as GPC. Recently,
GPC (tOPC) was reported to produce various types of neurons
that contribute to the medulla, lobula, and lobula plate (Bertet
et al., 2014). However, their migratory path from GPC to these
ganglia and the molecular mechanism of migration have been
elusive. In this study, we clearly demonstrated that GPC
produces Lawf1 and Lawf2 lamina wide-field neurons, which
tangentially migrate through the path delineated by Robo2/3
expression during larval stages to join the neuronal circuits in
the medulla (Figure 5V). Additionally, a subset of lamina neurons
was also labeled in our lineage analysis (Figures S1D and S1E),
suggesting that these lamina neurons are also derived from
GPC. Thus, GPC may produce many more types of cells than
previously believed.
We previously identified an unidentified type of medulla
neuron, Lawf2 neurons, and demonstrated that Lawf1 and
Lawf2 neurons are derived from Hth+ domain (Hasegawa
et al., 2011). These neurons show unique morphological fea-
tures, such as projections to the lamina and wide arbors extend-
ing to cover multiple columns in the medulla (Fischbach and
Dittrich, 1989; Hasegawa et al., 2011; Takemura et al., 2013;
Tuthill et al., 2013, 2014). These morphological features imply
that Lawf1 and Lawf2 neurons integrate visual information
processed in multiple medulla columns and transmit this infor-
mation back to the lamina. Surprisingly, the retrograde axonal
projections of Lawf1 and Lawf2 extending between 24 and
48 hr APF appear to be precisely retinotopic. The posteriorly
(anteriorly) located neurons project to the anterior (posterior)late third larval instar to adult.
8GFP (white) and by the absence of Lim1 expression (magenta). Arrowheads
(white).
patterns of Lawf1 and Lawf2. Pre- and post-synaptic sites are indicated.
Figure 5. The Arrangement of GPC Neurons Is
Regulated by Slit-Robo Signaling
(A–V) Lateral views at late third instar.
(A–D) Expression patterns of Slit, Robo3, and Robo2.
(A) sli-LacZ (green) is expressed in Eya+ neurons
(magenta; arrows). (B) Robo3 (blue) is expressed in
Bsh+ neurons (magenta; arrows), but not in GPC
neurons (omb-Gal4 UAS-nlsGFP, green). (C) Robo2
(magenta) is expressed in IPC and GPC, but not in
GPC neurons (omb-Gal4 UAS-nlsGFP, green). (D)
robo2-HA (blue) is expressed in IPC and GPC, but not
in Bsh+ (magenta) or Eya+ (green) neurons.
(E) The expression patterns of Slit, Robo2, and Robo3.
(F–I) The distribution of Bsh+ (blue) and Eya+
(magenta) neurons in control (F) and sli mutants (G–I).
(J and K) The distribution of Bsh+ (green) and Eya+
(magenta; arrow) neurons in control (J) and robo3
mutant (K).White arrows indicateectopicEya+neurons.
(L and M) The distribution of Bsh+ (blue; yellow
arrows) and Eya+ (magenta; white arrows) neurons in
control (L) and optix-Gal4 UAS-robo3 RNAi (M) brains.
(N and O) The distribution of Bsh+ (blue) and Eya+
(magenta) neurons in robo2 mutant (N) and robo2
mutant clones (O; yellow line). Ectopic Eya+ neurons
are shown (yellow arrows in N and O). White arrows
indicate Ncad-negative regions.
(P–U) Effects on IPC cells (Fas3+, magenta) in control
(P), sli (Q and R), robo3 (S), robo2 mutants (T), and
robo2 mutant clones (U). Ectopic IPC cells are shown
(arrows in Q–U).
(V) The migration of Lawf1 and Lawf2 neurons in larval
medulla.
(W) Slit-Robo signaling regulates cell-cell interactions
between GPC and OPC neurons and between GPC
neurons and IPC cells.
See also Figure S4.
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part of the lamina (Figures 3 and 4). These axons may recognize
nearby R-axons by as yet unidentified mechanism to project
back through the chiasma situated between the lamina and me-
dulla. Our results suggest that Hth regulates the axonal projec-
tion toward the lamina in both Lawf neurons (Figures S3A–S3D;
Supplemental Results). Hth may regulate the expression of axon
guidance molecules required for this axonal projection. The re-
sults of expressing a dominant-negative form of Lim domain
transcription factors suggest that Lim1 is essential for the spec-
ification of Lawf2 identity from Lawf1 (Figures S3A, S3C, and
S3E; Supplemental Results).
Our results suggest that their developmental origin is also
unique. During larval period, Lawf1 and Lawf2 neurons appear
in the ventral Lim1/Eya+ and dorsal Lim1+/Eya+ subdomains
of the Hth+ domain, respectively (Figures 2B and 2C). These
neurons are derived from GPC and migrate in tangential orienta-
tion toward the inner region of the medulla cortex under the con-
trol of Slit-Robo signaling (Figure 1). As seen in other types of
medulla neurons, Lawf neurons also extensively migrate in a
tangential orientation during early pupal development (Figure 3).
Thus, they migrate tangentially at two different developmental
time points, from GPC into the innermost Hth+ domain during
larval development and, subsequently, when they reach their
final positions during pupal development.
In the present study, we demonstrate that both Lawf neurons
are produced from a specific region of the larval optic lobe, GPC.
Because these GPC neurons migrate from their birthplace to the
developing medulla cortex (Figure 5V), neurons derived from two
different origins, OPC and GPC, are involved in the formation of
neural circuits in the medulla. A similar developmental process is
also found in developing mammalian cerebral cortex, whose
neural circuits are formed by neurons derived from the ventricu-
lar zone of dorsal telencephalon and the ganglionic eminence
(Anderson et al., 1997; Kriegstein and Noctor, 2004). Thus, the
formation of neural circuits by neurons derived from different
sources may be conserved in brain development from inverte-
brates to vertebrates.
Our results also suggest that cell-cell interactions between
migrating cells and surrounding cells are necessary for the
precise neuronal migration and proper arrangement of neu-
rons derived from different origins. Cell-cell interactions have
been speculated as a critical factor for the precise distribution
of cortical interneurons in the mammalian cerebral cortex (Hev-
ner et al., 2004; Yozu et al., 2004; Lodato et al., 2011). Although
interneurons (derived from the ganglionic eminence) and pro-
jection neurons (derived from the ventricular zone of dorsal
telencephalon) generated at the same time are frequently
located in the same cortical layer, interneurons are abnormally
distributed in the absence of a specific type of projection
neuron (Lodato et al., 2011; Faux et al., 2012). Although the
molecular mechanisms underlying these interactions remain
unclear, these studies suggest that the projection neurons
provide cues for the interneurons to reach their proper location
in the cerebral cortex. As seen for the cell-cell interactions be-
tween OPC and GPC neurons in the medulla, conserved axon
guidance signaling may be involved in the interactions between
projection neurons and interneurons in mammalian cerebral
cortex.508 Cell Reports 15, 499–509, April 19, 2016EXPERIMENTAL PROCEDURES
Fly Genetics
All flies are reared on standard Drosophila medium at 25C. Details of fly
genetics are described in the Supplemental Experimental Procedures.
Immunohistochemistry
Immunohistochemistry was performed using antibodies described in the Sup-
plemental Experimental Procedures. Images were processed using Zeiss ZEN
image browser, FluoRender, and Adobe Photoshop.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Results, Supplemental
Experimental Procedures, and four figures and can be found with this article
online at http://dx.doi.org/10.1016/j.celrep.2016.03.056.
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